strated that a polysaccharide of at least four component sugars (galactose, mannose, fucose, and glucosamine) is present in influenza virus particles, accounting for 6 to 7 % of the total mass of the particle. Frommhagen et al. (2) called attention to the striking similarities in carbohydrate composition of influenza virus and membrane fragments from uninfected cells. At the time, this similarity was taken as evidence for the incorporation into virus particles of some preformed host polysaccharide.
There is now evidence for another enveloped virus, Sindbis, that all viral carbohydrate is covalently bound to the virus-specified envelope protein (1, 21) . Since the Sindbis virus-specified glycoprotein is extensively labeled by monosaccharide precursors added during infection (21) , the viral polysaccharide cannot be polymerized cell material synthesized before infection and passively incorporated into viral membrane. The carbohydrate of Sindbis virus appears instead to be an integral part of the virus-specified membrane protein. This result is not unique to arboviruses; most of the carbohydrate of influenza virus is covalently bound to the virus-specified hemagglutinin subunit (9) . In this study, we have taken a different approach by asking whether the glycopeptides of the membrane glycoproteins of two unrelated enveloped viruses, Sindbis virus and vesicular stomatitis virus (VSV), are similar when grown in the same host; we reasoned that extensive similarities would argue for host determination of the carbohydrate structure. We first determined the identity of the VSV glycoprotein and then compared the glycopeptides of the two viruses with regard to molecular weight and relative amino sugar compositions. The results suggest fundamental similarities in the two viral glycopeptides.
MATERIALS AND METHODS
Cells and viruses. The growth of Sindbis virus (HR strain) in chick embryo fibroblasts has been described (19) . VSV, the large plaque variant of the Indiana serotype, was grown in Chinese hamster ovary (CHO) cells or in chick embryo fibroblasts as reported elsewhere (3, 18) .
Radioactive labeling and purification of virus. Radioactive amino acids or radioactive glucosamine was added to infected cell cultures immediately after viral attachment to label Sindbis virus and 4 hr after viral attachment to label VSV. Final concentrations of MEMBRANE PROTEIN GLYCOPEPTIDE B and T particles of VSV are identical (23) , sucrose gradient-purified B particles alone or mixed B and T particles were used in these studies.
Acrylamide gel electrophoresis. Before electrophoresis, purified virus was disrupted by treatment with 1% sodium dodecyl sulfate (SDS) and 1% mercaptoethanol and heated to 90 C for 1 min. The sample was then layered onto a 10% acrylamide gel (linked with 0.3% ethylene diacrylate) which had been prerun in the presence of glutathione, as described previously (20) . Electrophoresis was for 4 hr at 8 ma. Gel slices (1 mm) were made by a razor blade device (designed by B. W. Burge and sold by Baruch Instruments, Ossining, N.Y.), dissolved in 0.5 ml of concentrated NH4OH and, after the addition of a Triton X-100-tolulene-based scintillation fluid (10) , counted in a Packard Tri-Carb scintillation counter. All the values have been corrected for background and spillage of 3H or 14C.
Biogel chromatography. Purified virus was first extensively digested with Pronase (1) and then applied onto a column (45 by 1 cm) packed with Biogel P-10 which had a void volume of 18.5 ml, as indicated by dextran blue 2,000. Sucrose and fetuin glycopeptides were used as additional markers and were detected by the anthrone reaction, and sialic acid by the Warren thiobarbituric acid assay as described by Spiro (16) . Samples were eluted from the column with 0.1 M sodium phosphate buffer (pH 7.8) at a flow rate of 3 to 4 ml per hr. Fractions of about 0.5 ml were collected automatically, suspended in 10 ml of Triton-tolulene scintillation solution, and counted.
Chromatography of sialic acid and amino sugars.
Purified virus preparations were precipitated with ethanol and resuspended in 1 ml of 0.1 N HCI containing 100 ,ug N-acetylneuraminic acid added as carrier. Sialic acid was released by mild hydrolysis (80 C, 1 hr, N2), and the released sialic acid was separated from glycopeptides by passage through Biogel P-2 (which excludes molecules larger than 1,600 daltons). Glycopeptides in the void volume were hydrolyzed in the presence of carrier amino sugars (4 N HCI, 100 C, 4 hr, N2), dried under N2, and chromatographed on paper in a solvent system of pyridine-n-butanol-water (6:4:3, v/v; reference 24 
RESULTS
VSV glycoprotein. In SDS-polyacrylamide gels, the structural proteins of VSV are separated into four polypeptides labeled 1, 2, 3, and 4 in order of increasing mobility (22) . To determine whether any of these polypeptides is a glycoprotein, VSV was grown in CHO cells and labeled with 3H-glucosamine. Purified 3H-VSV was mixed with another VSV preparation, also grown in CHO cells, but labeled with 'IC-amino acids. Acrylamide gel electrophoresis of this mixture showed that only polypeptide 2 contained incorporated glucosamine (Fig. 1 ). Upon closer examination of Fig. 1 , the distribution of the radioactivity of the two isotopes in peak 2 is not identical, as is more clearly seen by plotting the ratio of 3H to 14C counts for the three principal fractions which make up peak 2 (fractions 23 to 25). The increasing values for 3H/14C suggest that peak 2 contains two protein species, a larger protein and a smaller glycoprotein. Other labeled preparations of VSV gave similar results. However, electrophoresis of disrupted virus followed by staining with Coomassie blue failed to resolve two components in peak 2. It should be noted that about 5 % of the total 8H-glucosamine-derived radioactivity in Fig. 1 To estimate the molecular weight of the VSV glycoprotein, 'IC-labeled VSV was co-electrophoresed in an acrylamide gel with 31H-labeled, poliovirus-specific proteins prepared from infected HeLa cells. The mobility of the poliovirus polypeptides (NCVP 1, NCVP 2, VP 0, VP 1, and VP 3) versus their molecular weights is plotted in Fig. 2 . By the methods of Shapiro et al. (12) , the four VSV polypeptides have estimated molecular weights of 300,000, 73,000, 49,000, and 25,000. Therefore, the glycoprotein, which is part of polypeptide 2, has a molecular weight of 73,000. (0) was disrupted with SDS in a reducing environment and electrophoresed in 10% acrylamide gels. The peak designations (1, 2, 3, 4) follow the convention of Kang and Prevec (8) . 10 20 30 40
Molecular weight of structural proteins of VSV. VSV labeled with 14C-amino acids was prepared for SDS-polyacrylamide gel electrophoresis as previously described (7) except that acetic acid was omitted. The sample was mixed with poliovirus proteins labeled with 3H-leucine, -valine, and -isoleucine and separated on a 7% gel (5 ma, 3.5 hr). Slices (I mm) of the gel were assayed for radioactivity as previously described (7) . The polypeptide pattern is plotted as the mobility in millimeters of the individual polypeptides versus the logarithm of their molecular weights. Symbols: 0, poliovirus polypeptides; X, VSV polypeptides.
These determinations of molecular weights for VSV structural proteins are significantly different from those previously reported (23 Sindbis virus glycopeptides have been characterized (1), and therefore Sindbis and VSV glycopeptides, both from virus grown in chick cells, were compared directly by co-chromatography on Biogel P-10. The '4C-glycopeptides of VSV were on the average larger than the 3H-glycopeptides of Sindbis and lacked the small Cc glycopeptide found in Sindbis (Fig. 3a) . The VSV glycopeptide peak appeared to co-chromatograph on Biogel P-10 with the fetuin glycopeptide (14) which has a molecular weight of 4,400 daltons. However, the VSV peak is wider than the fetuin peak, indicating size heterogeneity among the VSV glycopeptides.
Previous analysis of Sindbis virus glycopeptides suggested that sialic acid residues attached to glycopeptides cause an increase in molecular weight of glycopeptides sufficient to explain the observed difference in the ratio of elution volume to void volume (Ve/V0) of glycopeptides from virus grown in chick cells and virus grown in BHK-21 cells (1). To test whether sialic acid was also responsible for the observed difference between glycopeptides of VSV and Sindbis virus, the glycopeptides were subjected to treatment with 0.1 N HCl for 30 min at 80 C, which is sufficient to remove terminally bound sialic acid residues (16) . Figure 3b shows the profile of these altered glycopeptides after separa- This would also tend to produce an overestimate of the number of sialic acid residues removed. Because of these uncertainties, we can only estimate that each VSV glycopeptide has released between two and four residues of sialic acid during mild acid hydrolysis.
Comparison of glycopeptides from VSV grown in chick and hamster cells. In a previous study on glycopeptides of Sindbis virus, it was observed that Sindbis virus grown in hamster cells (BHK) has a glycopeptide population which is larger, on average, than glycopeptides from virus grown in chick cells (1) . The difference is accounted for in part by a greater amount of sialic acid in the hamster-grown Sindbis. This same phenomenon is seen in Fig. 4 , in which glycopeptides from VSV grown in hamster (CHO) and chick cells are compared. The difference in shape of the 3H-and 14C-glucosamine profiles is not striking, and would no doubt be missed if the two pronase digests were chromatographed independently. Since the two preparations were mixed before digestion, the observed differences in distribution cannot be due to differential digestion, but must be accounted for in terms of differences in carbohydrate composition or structure. After mild acid hydrolysis, both 3H-and '4C-glycopeptide peaks were shifted to a Ve/Vo of 2.07 and were indistinguishable, suggesting that the small difference seen in Fig. 4 was due to slightly different amounts of sialic acid in the two preparations. In agreement with the result, Table 1 indicates that the VSV from hamster cells (CHO) has a slightly higher content of labeled sialic acid than VSV grown in chick cells. With both VSV preparations, the small glycopeptide C0 seen in glycopeptide preparations from Sindbis grown either in chick or hamster cells (e.g., Fig. 3a) Although glycopeptides of membrane proteins of chicken and hamster cells cover a spectrum of molecular weights from 1,000 daltons to more than 6,000 daltons (1), the glycopeptides of Sindbis and VSV grown in these cells form a very limited subset in terms of size; when sialic acid is removed from virus glycopeptides by hydrolysis or neuraminidase treatment, a single major glycopeptide peak is observed, regardless of the strain of virus or host in which it was grown.
Glycopeptides can be distinguished by more subtle criteria; for instance, either Sindbis or VSV grown in hamster cells is found to have larger glycopeptides than the same virus grown in chick cells, most probably because of an increase in the number of terminal sialic acid residues. When Sindbis and VSV are both grown in chick cells, VSV is found to have larger glycopeptides than Sindbis, again most probably because of an increase in the number of terminal sialic acid residues per glycopeptide. Finally, Sindbis virus grown in either chick or hamster cells has minor amounts of a small glycopeptide (Cc; 1,740 daltons) containing only mannose and glucosamine; this glycopeptide is not seen in VSV preparations from either cell.
These observations can be unified by assuming that the glycopeptides of both viruses, from either host cell, have the same basic structure in terms of the identities and location of individual sugar residues. However, this structure is assembled not on a template but by a family of sugar transferases which act in consort to produce the complete carbohydrate structure (17) . Thus, depending on the disposition of these enzymes in the host cell and the peculiarities of synthesis and maturation of the membrane glycoprotein of each virus, structures identical in terms of sequence and linkage of sugars may reach a degree of completion which is characteristic of both virus and cell. A phenomenon similar to the events proposed above has been termed microheterogeneity by those who study the glycopeptides of serum glycoproteins (11) . In the case of Sindbis virus, this phenomenon can explain the presence of the small Cc glycopeptide (Fig. 3) which is presumed to be the glucosamine-mannose core of the larger, more complete glycopeptides, CA and CB (1).
Host modification. In the above discussion we made the implicit assumption that the enzymes which assemble the virus glycoprotein structure (nucleotide sugar transferases) are specified by the host genome. This is assumed for two reasons. (i) A large number, at lease six transferases, would be required for formation of a carbohydrate structure of the complexity of the Sindbis glycopeptide, and it seems unreasonable that a virus genome of 4 X 106 to 5 X 106 daltons would specify this number of transferases. (ii) The details of virus glycopeptide structure presently available suggest that virus glycopeptides are very similar to the prototypical glycopeptide structure found in serum glycoproteins of all vertebrates. This structure consists of a glucosamine-mannose core linked covalently through glucosamine by a N-glycosidic bond to the amide nitrogen of asparagine in the polypeptide chain (17) . To 
